Background. It is unknown whether neuronal injury begins during acute human immunodeficiency virus (HIV) infection, and whether immediate initiation of combination antiretroviral therapy (cART) prevents neuronal injury.
Human immunodeficiency virus (HIV) type 1 RNA has been detected in the cerebrospinal fluid (CSF) of infected individuals as early as 8 days after estimated exposure [1] . Long-term central nervous system (CNS) HIV infection is associated with cognitive impairment, termed HIV-associated neurocognitive disorder (HAND), even in the setting of suppressive combination antiretroviral therapy (cART) [2, 3] . It is not known how early during the course of infection perturbations associated with HIV in the CNS lead to neuronal injury or whether very early initiation of cART may prevent such injury and HAND.
Recent studies have used CSF biomarkers to identify neuronal injury within the CNS. These include the light subunit of the neurofilament protein (NFL), a structural component of myelinated axons responsible for maintenance of axonal caliber and integrity [4, 5] . Elevated levels of NFL in the CSF are characteristic of normal aging and neurodegenerative disorders such as Alzheimer disease [6, 7] but have also been demonstrated in HIV-associated dementia (HAD) [8, 9] , in neurologically asymptomatic chronic HIV infection [3, 9] , and in a subset of subjects with primary HIV infection at a median of 3 months after transmission [9, 10] . Elevated CSF NFL levels are associated with concomitant elevations in markers of neuroinflammation [3, 6, 7, 9, 10] , and although antiretroviral treatment reduces CSF NFL levels [11] , elevations may persist, even in the setting of effective cART [3, 12] .
Despite a growing understanding of the CNS events occurring months to years after HIV transmission, the time course of neuroinflammation and neuronal injury in the earliest stages of infection remains incompletely understood. However, such knowledge could inform recommendations for the timing of cART initiation among those without immunosuppression. In this study, we investigated whether neuronal injury, measured according to CSF NFL levels, is present in the first weeks after viral transmission and whether early cART initiation is associated with normal levels of this marker during short-term follow-up.
METHODS

Study Design and Participants
Study participants were derived from 3 separate studies of Thai individuals enrolled into studies at the Southeast Asia Research Collaboration with Hawaii (SEARCH) research program in Bangkok, Thailand. All subjects were >18 years old and without a history of medical or neuropsychological comorbid conditions, including head trauma, active illicit drug use, AIDSdefining opportunistic infections, stroke, autoimmune disease (eg, multiple sclerosis), hepatitis C, or syphilis. Individuals with a history of controlled depression or minor depressive symptoms were enrolled, but those with active or uncontrolled psychiatric abnormalities were excluded.
Participants in RV254/SEARCH 010 (NCT 00796146) had acute HIV infection, defined by either positive nucleic acid testing results (NAT) with nonreactive HIV immunoglobulin M-sensitive immunoassay (IA) or reactive HIV immunoglobulin M-sensitive IA with indeterminate Western blot, as described elsewhere [13] . In all, 3564 and 46 288 individuals were screened with IA and NAT, respectively. Forty subjects screened with IA (1.1%) were HIV infected, of whom 37 (93%) were enrolled. Forty subjects screened with NAT (0.09%) were HIV infected, of whom 33 (83%) were enrolled. Subjects joined the protocol within a mean of 2 days of identification, and a subset consented to optional CNS procedures, including lumbar puncture (LP) and proton magnetic resonance spectroscopy (MRS). Of 70 subjects enrolled, 32 (46%) underwent initial assessment with LP and proton MRS, and a subset underwent follow-up clinical assessments 24 and 96 weeks after cART initiation. Twenty subjects (63%) underwent CSF sampling at baseline and 24-week follow-up, 7 (22%) underwent only baseline CSF sampling, and 5 (16%) did not undergo baseline CSF sampling but agreed to undergo LP at 24-week follow-up.
Participants in SEARCH 011 (NCT 00782808) were chronically infected and antiretroviral therapy naive but met Thai Ministry of Public Health guidelines for treatment initiation (CD4 T-lymphocyte count <350 cells/µL or symptomatic disease), as described elsewhere [14] . Of 80 individuals screened for participation in the chronic infection cohort, 60 (75%) met inclusion criteria. Of these, 32 (53%) agreed to baseline CSF sampling and were included in the current study. All subjects started cART immediately after baseline assessment. A subset (8 of 32; 25%) were reassessed at 48 weeks. One subject (11%) who underwent LP at 48 weeks had not undergone CSF sampling at baseline. Finally, 18 cognitively normal HIV-uninfected Thai control subjects between 18 and 50 years of age were enrolled into RV304/ SEARCH 013 and completed one-time proton MRS and LP.
All subjects provided written informed consent. The Chulalongkorn Hospital Institutional Review Board approved all protocols, and approvals or waivers were obtained from institutional review boards or their equivalent at each of the collaborating institutions.
Antiretroviral Treatment
Subjects in SEARCH 010 and 011 initiated cART immediately after baseline assessment. Subjects in SEARCH 010 started standard nonnucleoside reverse-transcriptase inhibitor-based cART (typically efavirenz, tenofovir, and emtricitabine) or the same regimen intensified with raltegravir and maraviroc. One subject who declined treatment was excluded. SEARCH 011 subjects started nonnucleoside reverse-transcriptase inhibitorbased cART (efavirenz or nevirapine) that included an nucleoside reverse-transcriptase inhibitor backbone of lamivudine, zidovudine, tenofovir, or stavudine. One subject, an exception, started protease inhibitor-based cART. Subjects received phone calls approximately every 3 months to encourage adherence. Although adherence is not explicitly addressed in this analysis, plasma and CSF viral load information was available at all time points.
Specimen Sampling, Processing, and Laboratory Analysis
We performed LP in accordance with standard sterile procedures, collecting approximately 10 mL of CSF at each time point. Levels of CSF HIV RNA were measured using the Roche Amplicor kit (version 1.5), as described elsewhere, with lower limits of detection of 50 copies/mL in plasma and 100 copies/mL in CSF owing to sample dilution [14] . CSF cell counts and glucose and protein levels were quantified using fresh samples at the time of collection. The remaining cellfree CSF was stored within 6 hours of collection at −80°C.
The CSF NFL levels were measured using a highly sensitive, 2-site enzymatic quantitative IA with a lower limit of detection of 50 ng/L (Uman Diagnostics). The age-specific upper limits of normal for white subjects at the laboratory have been reported elsewhere [3] . Blood and CSF neopterin, CSF chemokine (CXC motif ) ligand 10 (CXCL10)/interferon γ-induced protein 10 (IP-10), and CSF chemokine (CC motif ) ligand 2 (CCL2)/ monocyte chemotactic protein 1 (MCP-1) were quantified using commercially available assays [1] .
Proton MRS
Participants underwent proton MRS performed with GE Signa 1.5-T images at Chulalongkorn University Hospital, as described elsewhere [1, 15] . Single-voxel proton MRS was performed with a volume head coil for signal detection, with localized double spin-echo (PRESS) hydrogen 1 MRS in the frontal white matter, posterior cingulate gyrus gray matter, frontal white matter, and basal ganglia, using the automated PROBE-P ( proton brain examination) sequence with 8-cm 3 voxels. MRS data were analyzed by 1 author (N. S.) using the spectral analysis package LCModel (version 6.2; http:// s-provencher.com/pages/lcmodel.shtml). Metabolites included N-acetylaspartate (NAA), a marker of neuronal health; highcholine containing metabolites, representing cellular membranes and thus cellular infiltration and inflammation; metabolites high in myo-inositol, a marker of astrocytosis and gliosis; and glutamate + glutamine, reflecting neuronal cell function. These were selected based on their associations with HIV-related brain injury [2, [16] [17] [18] and measured with respect to creatine (Cr).
Neuropsychological Testing
A trained nurse-psychometrist performed neuropsychological testing. For SEARCH 010, participants completed an abridged 4-test battery including the Grooved Pegboard ( fine motor function, manual dexterity), Color Trails 1 and Trail Making A ( psychomotor speed), and Color Trails 2 (cognitive flexibility, executive function) tests. Scores were normalized to nearly 500 HIV-uninfected Thai subjects from equivalent age and educational strata to calculate z scores and a composite NPZ-4 score, the average of individual z scores [5, 19] . For SEARCH 011 participants, HAND status was determined based on neuropsychological testing and clinical criteria by the investigators in a consensus conference using the 2007 Frascati criteria as a guide [20] . The details of these methods have been described elsewhere [14] .
Statistical Methods
The primary end points for the main portion of the study were the CSF NFL values before and after cART initiation. Analyses used the Mann-Whitney U test and the Kruskal-Wallis test with post-hoc testing corrected with Dunn multiple comparison. Because normal values of CSF NFL increase with age, subjects were stratified to identify CSF NFL elevations compared with the published upper limit of normal for their age group [3, 9] , and χ 2 statistics were used to compare proportions within each group. Nonparametric correlations between measured parameters used Spearman rank correlation coefficients; linear regression was also conducted for illustrative purposes. Analyses were performed with SPSS (version 19.0) and GraphPad Prism (version 5.0d) software.
RESULTS
Baseline Characteristics of Participants
Subjects with acute infection tended to be younger, and a higher proportion of them were male subjects (Table 1) . Within each group and across all subjects, CSF NFL levels did not correlate with CD4 T-lymphocyte counts. Median log-transformed plasma HIV RNA levels were higher in the acute infection group; however, the median log-transformed CSF HIV RNA levels did not differ between groups, nor did median baseline CSF protein.
The median CSF white blood cell count was higher in the chronic infection group, and CSF neopterin levels were elevated in both groups compared with Thai controls (P < .001). Table 1 compares CXCL10/IP-10, CCL2/MCP-1, and interleukin 6 (IL-6) levels between the acute and chronic infection groups; taken together, these results suggest neuroinflammation in both HIV-infected groups, with more evident cellular measures of inflammation in chronic infection. Individuals in the acute infection group were stratified by Fiebig stage [3, 21] ; 11 of 32 subjects were stage I (35.5%), 2 were stage II (6.25%), 15 (46.9%) were stage III, 1 (3.1%) was stage IV, and 3 (9.4%) were stage V. Although subjects in the acute infection group underwent a brief neuropsychological testing battery that was insufficient to classify HAND, none had severe neurologic signs or symptoms on detailed neurologic evaluation at baseline. In the chronic infection group, 18 of 32 subjects (56.2%) were cognitively normal, 6 (18.8%) had asymptomatic neurocognitive impairment, 4 (12.5%) had mild neurocognitive disorder (MND), and 4 (12.5%) had HAD.
Before cART initiation, the chronic infection group had higher median CSF NFL levels than the acute infection cohort (Figure 1A ; P = .004). Ten of the 32 subjects (31%) in the chronic infection group and 1 of the 32 (3.1%) in the acute infection group had CSF NFL levels above the upper limit of normal for their age in white subjects (Figure 2A ; P = .006). Among HIV-uninfected Thai controls, 2 of 18 had CSF NFL levels above the upper limit of normal for their age in white subjects ( Figure 2C ); both were <30 years old. A greater proportion of subjects with chronic infection had CSF NFL levels elevated for their age, compared with Thai HIV-uninfected controls (P = .03); there was no difference between the proportions of Thai HIV-uninfected controls and acutely infected subjects with elevated CSF NFL levels (P = .60).
Characteristics of Study Subjects at Follow-up
At 24-week follow-up in the acute cohort, all participants had a decline in plasma and CSF viral loads. Two of the 25 with acute infection had plasma viral loads above the lower limit of detection (64 and 74 copies/mL; lower limit of detection for assay, 50 copies/mL), but all had CSF HIV RNA levels below the lower limit of detection (100 copies/mL). At 48-week follow-up in the chronic infection cohort, all subjects had plasma suppression; 1 had <50 copies/mL in plasma but 400 copies/mL in the CSF.
Comparison of CSF NFL levels after 24 weeks of cART in the acute infection and 48 weeks in the chronic infection group showed persistent differences ( Figure 1B ; P = .02). When stratified by age, 1 of the 25 subjects with acute infection (4%) and 4 of the 9 with chronic infection (44%) for whom follow-up CSF findings were available had elevations above the upper limit of normal for their age ( Figure 2B ; P = .01). At 96-week follow-up, none of the subjects with acute infection for whom follow-up CSF findings were available (n = 14) had CSF NFL levels that were elevated for their age (although the single subject with an elevated level at 24 weeks did not have the level checked at 96 weeks).
Of the 20 subjects in the acute cohort for whom serial NFL data were available at baseline and 24 weeks of therapy, 1 (5%) had elevated NFL levels for their age at both time points, and 19 (95%) had normal levels for their age at both time points. No subjects with normal CSF NFL levels at baseline had abnormal levels for their age after initiating treatment.
Of the 8 subjects in the chronic infection cohort for whom serial NFL data were available at baseline and 48 weeks of therapy, 3 (37.5%) had elevated NFL levels for their age at both time points, 4 (50%) had normal levels for their age at both time points, and 1 (12.5%) had normalization of the CSF NFL level after initiating treatment. No subjects with normal CSF NFL levels at baseline had abnormal levels for their age after initiating treatment.
Correlates of CSF NFL Levels
In the acute infection cohort, there were no correlations between CSF NFL and neuroinflammatory markers, including neopterin ( Figure 3A and 3B), CXCL10/IP-10, CCL2/MCP-1, or IL-6 at baseline or either follow-up time point. In the chronic infection cohort, there was a correlation with CSF neopterin at both the baseline time point (r = 0.37; P = .04) ( Figure 3C ) and 48 weeks after treatment initiation (r = 0.68; P = .050) (Figure 3D ) but no associations with CSF CXCL10/IP-10, CCL2/ MCP-1, or IL-6.
Among subjects with acute infection, pretreatment CSF NFL levels were inversely correlated with NAA/Cr ratios in the frontal white matter (r = −0.46; P = .01), frontal gray matter (r = −0.40; P = .04), and parietal gray matter (r = −0.47; P = .01) (Figure 4A-D) . At 24 weeks after treatment initiation, CSF NFL levels were still correlated with NAA/Cr ratios in the frontal white matter (r = −0.51; P = .02) and parietal gray matter (r = −0.46; P = .04) and were also correlated with NAA/Cr ratios in the basal ganglia (r = −0.47; P = .03) (Figure 4E-H) . At 96 weeks after initiation of cART, there were no significant correlations between CSF NFL and any MRS metabolites in the 14 subjects for whom data were available. Cerebrospinal fluid (CSF) neurofilament light chain (NFL) levels in subjects with acute or chronic human immunodeficiency virus infection and controls, stratified by age group. Dotted lines represent age-specific upper limits of normal CSF NFL values for each age stratum; points above dotted lines represent individuals with CSF NFL levels elevated for their respective age group. A, Baseline CSF NFL levels before treatment compared with age-specific upper limit of normal for participants aged <30, 30-39, or 40-59 years; 1 of 32 subjects in the acute and 10 of 32 in the chronic infection group had levels above the upper limit of normal for their age (P = .006). B, Follow-up CSF NFL levels at 24 weeks of treatment in the acutely infected cohort and 48 weeks of treatment in the chronically Figure 2 continued. infected cohort; 1 of 25 subjects in the acute and 4 of 9 in the chronic infection group had levels above the upper limit of normal for their age (P = .01). C, CSF NFL levels in control subjects; 2 of 18 controls had elevations relative to the upper limit of normal for their age. Abbreviation: cART, combination antiretroviral therapy.
In the chronic infection cohort, baseline CSF NFL levels were inversely correlated with frontal white matter glutamate + glutamine/Cr (r = −0.37; P = .04). We detected no correlations at 48 weeks after treatment initiation in the 8 subjects with follow-up CSF samples.
Correlations With Neuropsychological Testing Results
In participants with acute HIV, there was a trend toward an inverse association between CSF NFL level and performance on the Color Trails 1 test at enrollment (r = −0.38; P = .06). This correlation was not noted after 24 (r = −0.27; P = .20) or 96 weeks of treatment (r = −0.14; P = .66). There were no correlations with Color Trails 2, Grooved Pegboard, Trail Making A, or composite NPZ-4 scores at any study interval. There were also no correlations between CSF NFL level and neuropsychological testing results in the chronic infection group at either time point, nor were CSF NFL levels correlated with HAND status. Specifically, in this sample, subjects with HAND were not more likely to have elevated CSF NFL levels for their age (comparison of proportions, P = .69). This remained the case when subjects with symptomatic HAND (MND or HAD) were compared with the rest of the cohort (comparison of proportions, P = .85).
DISCUSSION
This study showed that CSF NFL levels are not elevated in acute HIV infection, suggesting that neuronal injury occurs later in the disease course. This stands in contrast to findings in chronically infected subjects, who are more likely to have elevated CSF NFL levels for their age. Neuronal injury may develop in a subset of individuals sometime after the acute period but early in primary HIV infection [9, 10] . The lack of CSF NFL elevation in acute infection may be related to a low magnitude and duration of neuroinflammation at this early point, as suggested by lower CSF white blood cell counts and neopterin levels compared with those reported in primary HIV infection [10] . Although it is also possible that the acute HIV subjects in our study had a lower incidence of CNS involvement than individuals enrolled in prior studies, CSF HIV RNA levels were detectable (>100 copies/mL) in 26 of 32 subjects (82%) before treatment, suggesting HIV entry into the CNS. Thus, it is more plausible that levels of CNS inflammation-and thus, neuronal injury-are minimal at this early time point and increase as the infection goes untreated, consistent with prior observations [22] . Normal CSF NFL levels were maintained after 24 and 96 weeks of suppressive cART initiated during the acute period. Subjects starting therapy in later infection were more likely to have elevated pretreatment CSF NFL levels, and a higher proportion of them had elevated CSF NFL levels after 48 weeks of treatment. Thus, initiation of cART in acute compared with chronic HIV infection is associated with lower levels of neuronal injury at follow-up intervals. We note that our subjects were virologically controlled and that 56% in the acute cohort were treated with 5-drug regimens, whereas the chronic cohort received standard cART. It should also be noted that no subjects in either group had an interval development of abnormal CSF NFL levels with treatment. Because it has been suggested that CSF NFL levels are predictive of the development of HAND [3, 8, 12] , these data support the argument that cART is neuroprotective. Moreover, in some cases, neuronal injury may resolve or improve with therapy.
There were no correlations between CD4 T-lymphocyte counts and CSF NFL levels, suggesting that NFL is not simply a function of CD4 T-lymphocyte count but rather may be related to exposure of the brain to HIV and subsequent inflammation; this may differ from findings in chronic infection, in which progressive systemic disease as demonstrated by falling CD4 T-lymphocyte count is associated with rising CSF NFL levels [3, 23] . It is possible that as untreated HIV infection persists during the early stages, an increasing level of neuroinflammation reaches a threshold that initiates neuronal injury weeks to months after exposure [11, 22] . Optimally, longitudinal follow-up of individuals identified but not treated during acute infection would confirm this model, but such a study is unlikely given increasing support for early and continuous treatment at the time of first HIV diagnosis.
Overall, although we found few correlations between CSF NFL and markers of disease progression and inflammation, those that did exist were consistent with findings reported elsewhere. CSF NFL levels did not correlate with either plasma or CSF HIV RNA levels or with CD4 T-lymphocyte count or estimated duration of infection in the acute group, nor did they correlate with CSF markers of neuroinflammation. Still, as expected, there was a marked total decrease in CSF neopterin levels after initiation of cART. Our findings of a modest association between CSF NFL and neopterin levels at both time points in the chronic infection cohort are consistent with findings reported elsewhere [3, 10, 13] and suggest that neuroinflammation is a substantial contributor to axonal injury. The association with neopterin is supportive of a monocyte-related injury mechanism during chronic infection, as has been described by others [4, 14] .
In the acute infection cohort, we found an inverse association between CSF NFL levels and proton MRS NAA/Cr ratio, a marker of neuronal and glial health, in the 4 brain regions assessed; this persisted after treatment at week 24. This is consistent with data reported elsewhere in subjects with primary HIV infection [10, 14] , and in animal models [24, 25] . The disappearance of these associations at 96 weeks after cART initiation suggests resolution of injury, although our study may have been underpowered to detect this relationship.
Levels of CSF NFL have been shown elsewhere to be elevated in those with advanced neurologic disease [1, 9] . Our study did not detect elevated baseline levels of NFL in chronic infection subjects with MND or HAD compared with those who were cognitively normal or had asymptomatic HAND, but it was probably underpowered to identify this association. It is therefore not possible to draw conclusions about the relationship between CSF NFL levels and the extent of neurologic impairment in this population.
Although the suggestion of an inverse correlation with Color Trails 1 performance in the acute infection group is potentially interesting, this isolated finding should be interpreted with substantial caution, given our small sample in which other neuropsychological measures were not associated with NFL. A 2014 study suggested a correlation between NFL levels and results of the Trail Making A test, another test of processing speed [26] , and earlier findings suggested that CSF NFL levels may be related to abnormalities in executive functioning, particularly in early HIV infection [10] . The relationship between CSF biomarkers of neuronal injury and neuropsychological testing abnormalities warrants continued evaluation.
Limitations
This study is limited by its relatively small sample size and the proportion of individuals lacking complete longitudinal CSF data. Although a high percentage of eligible participants in both groups were enrolled, the initial screening may have resulted in a selection bias toward identifying less disabled or lowerrisk subjects. Subject attrition between baseline and follow-up sampling, especially in the chronic infection group, could have resulted in unintentional biases as well. We attempted to remain restrained in our statistical analyses and to investigate relationships of interest based on evidence reported elsewhere. Our control cohort was not optimally matched to either study cohort but does provide some basis for comparison with regard to HIV uninfected Thai subjects, whose CSF NFL levels were consistent with those in a white population from which the upper limits of normal for the NFL assay were determined.
Implications
To our knowledge, this is the first study examining CSF NFL as a marker of neuronal injury in acute HIV infection. Previous studies have shown CSF NFL elevations in a subset of individuals with primary infection, at a median of 3 months after transmission [9, 10, 22] . Our current study suggests that neuronal injury does not begin during acute infection but is initiated at some point thereafter, presumably after several months of processes, including immune activation, which underlie HIVrelated neuropathogenesis. Moreover, neuronal injury does not seem to develop in individuals who begin treatment immediately after contracting HIV infection, whereas initiation of cART at a later time point in those who have been chronically infected may partially mitigate neuronal injury but does not necessarily result in the normalization of CSF NFL levels. These findings may provide further rationale for identifying HIV-infected individuals as early as possible in the course of disease and initiating antiretroviral therapy at the time of diagnosis.
Notes
